Introduction {#Sec1}
============

COVID-19 is pneumonia caused by a novel coronavirus which is an emerging infectious disease and reported early in Wuhan, China \[[@CR1]\]. Then, Chinese government promptly informed the World Health Organization (WHO) of the real situation of it. In January 20, 2020, the characteristics of human to human transmission are publicly presented by Nanshan Zhong, who is the member of national high-level expert group. After that, people took some protective measures including restricted travel, isolation and wearing a mask. At the same time, the novel coronavirus was isolated and gene sequence was published \[[@CR2]--[@CR4]\]. In January 31, 2020, WHO announced COVID-19 as a public health emergency of international concern \[[@CR5]\]. However, due to the extreme infectivity of COVID-19, it spread all over the world in a short time. And in March 11, 2020, WHO declared that COVID-19 has been characterized as a pandemic \[[@CR6]\]. As of April 4, 2020, there have been 1,051,635 confirmed cases of COVID-19 worldwide, with 56,985 deaths reported in 208 countries \[[@CR7]\]. Consequently, the study of the spread mechanisms and prevention and control strategies of COVID-19 has become a global problem to be solved.

COVID-19 is caused by a virus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is a RNA virus with single strand and has a phylogenetic similarity to SARS-CoV \[[@CR1], [@CR8]\]. It can be transmitted by three main routes including direct transmission, contact transmission and aerosol \[[@CR9]\]. Direct transmission refers to the close contact with the droplets of patients by sneezing, coughing and talking; contact transmission means that hands to mucous membrane of mouth, nose and eyes after contacting droplets deposited on the surface of the object; transmission by aerosol means that droplets are mixed in the air to form aerosols that can cause infection when inhaled. The main source of infection is the infected population infected by COVID-19 and the main symptoms are fever, fatigue and dry cough \[[@CR9]\].

Dynamical modeling is one of the useful methods to reveal the transmission rule of diseases spread as well as COVID-19, which is based on the internal transmission mechanism and can dynamically predict the future trend according to the current information \[[@CR10]--[@CR13]\]. Typically, Lin et al. posed a conceptual model for the transmission dynamics of COVID-19 in Wuhan and explained the course of its outbreak \[[@CR14]\]. Tang et al. presented a study on the estimation of the transmission risk of COVID-19 and showed the effectiveness of control strategy by intensive contact tracing followed by quarantine and isolation \[[@CR15]\]. Chen et al. constructed a mathematical model for phase-based transmissibility of COVID-19 and calculated the basic reproduction number \[[@CR16]\]. We did a transmission analysis of COVID-19 in Shanxi Province with imported cases by using difference equation model and found that if lockdown is adopted with 2 days delay by Shanxi Province, the expected final scale of cases will be three times as the current number of infections \[[@CR17]\].

For an emerging diseases, it is important to investigate the early stages for disease transmission which can provide targeted control measures. From the early timetable in Wuhan \[[@CR1], [@CR18]\], one can find useful information on COVID-19. A lot of researchers did meaningful work on the origin, epidemiological review, pathological characteristics, diagnostic technology, treatment and so on \[[@CR4], [@CR18]--[@CR21]\]. However, to the best of our knowledge, there is little work focused their attention on the influence of lockdown and medical resources on the spread of COVID-19 in Wuhan based on dynamical modeling and available data.

In order to reveal the transmission dynamics of COVID-19 in Wuhan and evaluate the effects of lockdown and medical resources, we pose the dynamical models based on ordinary differential equations and investigate the corresponding global dynamics. Moreover, we estimate the parameters values using extensive Markov chain Monte Carlo (MCMC) simulations. What is more, we explore the influences of lockdown and medical resources in detail. Finally, some conclusion and discussion are given.

Dynamical modeling of COVID-19 transmission in Wuhan {#Sec2}
====================================================

We divide the total population as five groups: Susceptible (S), Exposed (E), Infected (I), Confirmed (Q) and Removed (R) (Here, removed group includes recovered and death populations). To well present the dynamical model of COVID-19 in Wuhan, we firstly give two main assumptions, which are as below:

\(i\) Since the time span we considered is small, natural birth and death are not considered in our dynamical model;

\(ii\) Exposed populations (E) have ability to infect the susceptible populations (S).

Based on the real situation of Wuhan, we will show two dynamical models to describe the transmission processes of the epidemic before and after the lockdown of the city. For the sake of simplicity, emigration and immigration rates are set as constants \[[@CR22], [@CR23]\]. Dynamical model before January 23, 2020, has the following form (see Fig. [1](#Fig1){ref-type="fig"}):$$\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$ is transform rate from the confirmed population to removed population.Fig. 1Transmission diagram of COVID-19 in Wuhan before lockdown. *S*(*t*), *E*(*t*), *I*(*t*), *Q*(*t*) and *R*(*t*) represent the susceptible, exposed, infected, confirmed and removed populations

When Wuhan government adopted the measure of lockdown, the people can hardly leave or return Wuhan. In this case, dynamical model with lockdown after January 23, 2020, is as follows:$$\documentclass[12pt]{minimal}
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Estimation of epidemiological parameters {#Sec3}
========================================

Calibration of under-reported infection data {#Sec4}
--------------------------------------------

Under-reporting of infections is a common issue in the data collection of infectious disease. Figure [5](#Fig5){ref-type="fig"} shows that on February 12 the cumulative confirmed cases in Wuhan had clear jumps with significantly large sizes. Such sizable jumps cannot happen within one day, rather they represent an accumulation of cases that have not been reported in previous dates prior to February 12. Since February 04, Huoshenshan Hospital, Leishenshan Hospital and many cabin hospitals have been used, and the medical resources become more reliable, so certain adjustments in data typically occur. Using the calibration method of confirmed cases in previous paper \[[@CR24]\], we also assume an exponential growth curve for the cumulative number of confirmed cases in Wuhan from February 04 to February 12 with the form $\documentclass[12pt]{minimal}
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Parameter estimation {#Sec5}
--------------------

On January 23, 2020, the Chinese authorities introduced the implementation of the lock-down strategy in Wuhan to shut down the movement and to control the transmission of COVID-19. And since February 04, Huoshenshan Hospital, Leishenshan Hospital and many cabin hospitals have been used, the medical resources become more reliable. Hence, the COVID-19 epidemic in Wuhan can be divided into three stages. The first stage is from 15 January to 23 January, there does not exist the travel restriction and the medical diagnostic tools may be less accurate and reliable. The second stage is from 23 January to 04 February, when the medical resources are not reliable and travel restriction is used. The third stage is from 04 February to 30 March, there exists the strict community control strategy and the medical resources become more reliable. The strict community control strategy means that the community is closed, which is reflected in decreasing of transmission rate. And the reliable medical resources reflect the increasing of laboratory diagnosis rate *m* and the transform rate $\documentclass[12pt]{minimal}
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In the previous work \[[@CR25]\], we obtained that the mean incubation period was 4 days (95% CI, 2 to 7), so we choose the value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$, which depends on the actual situation of infected cases, and it also does not influence the model simulation. By the end of 2019, the total population of Wuhan was 14.1865 million, and the time of Spring Festival travel rush in Wuhan lasted for 13 days starting on January 10 and ending at 10 am on January 23, in the meantime about 5 million people had moved out Wuhan. Thus, we can calculate the migration rate is $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta _{1},\beta _{2}$$\end{document}$ and *m* with 100,000 sample realizations for the first, second and third stage, respectively. **b**, **d**, **f** Fitting results of theoretical cumulative number of confirmed COVID-19 cases with its actual reported number for the first, second and third stage, respectivelyTable 1Parameter estimation with the method of MCMCStageNotationMeanStandardGewekeReproduction NumberMeanStandardFirst$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta _{1},\beta _{2}$$\end{document}$0.12380.03150.99748$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal {R}}_{01}$$\end{document}$1.34690.4225*m*0.10090.01210.99871Second$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta _{1}^{'},\beta _{2}^{'}$$\end{document}$0.31700.00510.99998$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal {R}}_{02}$$\end{document}$2.83490.2085*m*0.20490.02200.99990Third$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta _{1}^{'},\beta _{2}^{'}$$\end{document}$0.06310.00130.99898$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathcal {R}}_{03}$$\end{document}$0.43120.0038*m*0.35350.01550.99664

Fitting results with three stages {#Sec6}
---------------------------------

Fig. 7Fitting results of theoretical cumulative number of confirmed COVID-19 cases with its actual reported number

With the uncertainty for estimated parameters values, Monte Carlo simulation runs and then be conducted to assess the performance of the model by using the available model parameters in Table [1](#Tab1){ref-type="table"}. Figure [7](#Fig7){ref-type="fig"} unveils the time evolution of both infection cases and comparison with empirical record of cumulative and daily number of confirmed COVID-19 cases in Wuhan city with three stages, and which also shows the 95% percent interval for all 10,000 passing simulation trajectories and the median of these 10,000 simulation outputs. It is clear that the theoretical prediction is nearly full agreement with real data, which also well validates the accuracy of proposed model.

Effects of lockdown and medical resources {#Sec7}
=========================================

The influence of lockdown on the spread of COVID-19 in Wuhan {#Sec8}
------------------------------------------------------------

Fig. 8Simulation results for the number of confirmed COVID-19 cases with different lockdown dates in Wuhan city. **a**, **b** The cumulative and newly cases with reliable medical resources and the strict community control strategy. **c**, **d** The cumulative and newly cases without reliable medical resources and the strict community control strategy. The orange, red, green, black, blue lines indicate that the Wuhan lockdown dates are January 19, January 21, January 23, January 25, January 27, respectively

Simulation results for the number of confirmed COVID-19 cases with different lockdown strategy dates (January 19, January 21, January 23, January 25 and January 27) in Wuhan city are shown in Fig. [8](#Fig8){ref-type="fig"}. We will only discuss the impact of time on the epidemic trend and the final scale. The later using the lockdown measure in Wuhan, the lower the peak of newly infected people in the city and the smaller the final scale. Although the lockdown measures taken late will reduce the scale of the city's epidemic, the export cases of Wuhan will increase with the delay of time, which will cause uncontrollable impact on other provinces and even the world.Fig. 9Simulation results for the number of confirmed COVID-19 cases with different lockdown strengths in Wuhan city. **a**, **b** The cumulative and newly cases with reliable medical resources and the strict community control strategy. **c**, **d** The cumulative and newly cases without reliable medical resources and the strict community control strategy. The orange, red, green, black and blue lines mean that the values of *b* (Wuhan lockdown strength) after January 23 are 0.02, 0.01, 0.005, 0.001 and 0, respectively

Figure [9](#Fig9){ref-type="fig"} shows the influence of different strengths of lockdown after January 23, 2020. The smaller the lockdown strategy strength of the city, the lower the peak of the epidemic (see Fig. [9](#Fig9){ref-type="fig"}b, d), and the smaller the final scale (see Fig. [9](#Fig9){ref-type="fig"}a, c). The conclusion is consistent with the impact of the lockdown strategy time. The smaller the lockdown strategy strength, the smaller the impact on the epidemic in Wuhan.

The influence of medical resources on the dynamics of COVID-19 in Wuhan {#Sec9}
-----------------------------------------------------------------------

Since February 04, 2020, simulation results for the number of confirmed COVID-19 cases with different medical resources in Wuhan city are shown in Fig. [10](#Fig10){ref-type="fig"}. It can be seen that the more medical resources used in Wuhan, the smaller epidemic time (see Fig. [10](#Fig10){ref-type="fig"}b) and the final scale (see Fig. [10](#Fig10){ref-type="fig"}a), and the higher the peak of newly infected people (see Fig. [10](#Fig10){ref-type="fig"}b). Reason for the more medical resources used the higher peak of newly infected cases is the more initial value of exposed and infected individuals on February 04, 2020. This phenomena can also explain that most of individuals are infected in the second stage, although confirmed cases are rare.Fig. 10Simulation results for the number of confirmed COVID-19 cases with different medical resources in Wuhan city. **a** The cumulative cases. **b** The newly cases

Conclusion and discussion {#Sec10}
=========================

In this work, we constructed a mathematical model for COVID-19 transmission in Wuhan. Based on mathematical analysis and data fitting, we revealed the effects of lockdown and medical resources. It was found that the later Wuhan takes the lockdown measures, the lower the peak value of new infections and the smaller the final scale. Moreover, although the late implementation of lockdown measures will reduce the scale of the epidemic in this city, due to the fact that Wuhan's export disease will increase with the delay of time, it will have an uncontrollable impact on other provinces in China and even the world. Our results suggest that the lockdown strategy adopted by Chinese government is right and timely which shows the responsibility of great power of China.

Tian et al. presented a study on the effects of control strategies on COVID-19 transmission in Wuhan during the first 50 days from December 31, 2019, to February 19, 2020 \[[@CR28]\]. They claimed that lockdown measure makes the people outside Wuhan to cope with the COVID-19 ahead of time. It is also announced that more than 700,000 people outside Wuhan may be protected from the COVID-19 which demonstrated the effectiveness of control measures and thus are consistent with our findings in this work.

It should be noted that the situations in the worldwide is becoming worse and worse. Here, we want to provide some suggesting for the control of COVID-19 spread. Firstly, from the individual level, we need to reconstruct the transmission path, trace back the transmission path of confirmed cases which are infected by COVID-19, find out the key nodes of transmission, and reveal the communication relationship between different individuals. Secondly, from the methodological aspect, it requires to integrate methods and theories from big data, networks science, epidemiology, mathematical model to predict the peak time, final size and so on. Lastly, from the control point of view, it needs to characterize the transmission probability between regions and the spatial-temporal aggregation within regions, show the spatial-temporal evolution process of COVID-19 in a visual form, and give quantitative indicators of high-risk and potential high-risk areas.
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